ABSTRACT An erythropoietic activity that exerts a profound effect on fetal Hb synthesis is present in fetal sheep sera and it attains a peak concentration at the end ofthe second to the middle ofthe third trimester offetal life. The activity consistently inhibits the increased synthesis of fetal Hb in cultures of burst-forming units (BFUes) from normal adults. In cultures of BFUes from homozygous fi+-thalassemias the activity produces a striking decline in ychain synthesis, a decline in Gy/Ay chain synthesis ratio, and an increase in 6/y and a/non-a ratios-i.e., findings suggesting a genuine -to-P8 switch. The activity accelerates Hb F-toHb A switching in neonatal BFUe cultures but it has no effect on fetal Hb synthesis in cultures of BFUe obtained from human fetuses. These findings provide direct evidence that (a) humoral factors play a role in the regulation of the switch from fetal to adult Hb formation, and (b) progenitor cells from various stages of ontogeny respond differently to these factors. The results are compatible with the hypothesis that Hb switching during development is mediated through a change in a developmental program which controls the responsiveness of progenitor cells to "switching" activities in their environment.
Hb A switching in neonatal BFUe cultures but it has no effect on fetal Hb synthesis in cultures of BFUe obtained from human fetuses. These findings provide direct evidence that (a) humoral factors play a role in the regulation of the switch from fetal to adult Hb formation, and (b) progenitor cells from various stages of ontogeny respond differently to these factors. The results are compatible with the hypothesis that Hb switching during development is mediated through a change in a developmental program which controls the responsiveness of progenitor cells to "switching" activities in their environment.
tial humoral inducers of Hb switching appear in sheep fetuses before or at the time Hb switching starts. We found that sera obtained from the ontogenetic time preceding the Hb switching in sheep have a profound effect on Hb F synthesis in human adult BFUe cultures. They influence Hb F-to-Hb A switching in neonatal BFUe cultures but have no effect on fetal BFUes. These results suggest that factors in the hemopoietic environment play a role in the switching process. Our findings further show that the response of hemopoietic cells to these environmental factors depends on the stage of ontogeny from which the cells derive. The simplest interpretation of these observations is that the cellular regulation of Hb switching is mediated through qualitative changes that occur in progenitor cells; as development progresses, the progenitor cells may acquire the ability to interact with activities present in their environment and this interaction either directly or indirectly (through changes in progenitor cell differentiative programs) brings about a switch of the program of globin synthesis in the erythroid cells. (5) . Appropriate cell concentrations (1-3 X 105/ ml) were cultured in methylcellulose plates in the presence of erythropoietin (2 international units/ml), 10 ,uM 2-mercaptoethanol, 0.1% bovine serum albumin, and 30% (vol/vol) serum. To study the effect of fetal sheep serum, sets of duplicate cultures, one grown in the presence of fetal calf serum and the other in the presence offetal sheep serum, were used. Growth was monitored by inspecting the plates at desired intervals for colony maturation.
For measuring globin biosynthesis, fully hemoglobinized erythroid clones were lifted from the plates with ultrathin pipettes, pooled, and incubated with [3H]leucine as described (8) . Lysates from cultured erythroblasts were subjected to isoelectric focusing and the relative synthesis ofglobin chains was estimated from densitometric tracings of the resultant fluorograms (8) . In several experiments, fluorescent antibodies were used to evaluate the expression of Hb F and Hb A in single Abbreviations: BFUe, burst-forming unit; HPFH, hereditary persistenceuof fetal Hb.
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bursts. Approaches described in detail elsewhere (1) were used with the exception that, in addition to monospecific anti-Hb F and anti-A antibodies, anti-y or anti-,a chain monoclonal antibodies were used for fluorescent labeling. RESULTS Sera or plasmas from sheep fetuses contain an activity that supports the growth and maturation of human BFUes in culture. By using sera from fetuses whose gestational age was known, we found that the optimal concentration of this activity is reached between 80 and 120 days of gestation. Because Hb Fto-Hb A switching in sheep usually starts after the 120th day ofgestation (9), the 80-to 120-gestational day-old serum will be referred to as "preswitch" serum. When preswitch serum was used in culture, cloning efficiency of bone marrow BFUes was 2.34 times higher (n = 27; SEM = 0.29) compared to controls, and that of peripheral blood BFUes was 2.14 times higher (n = 31; SEM = 0.21) than in controls. In these cultures, size of erythroid clones (average number of cells per erythroid burst) was 4.2 times higher (n = 20; SEM = 0.5) than in controls.
The effect of preswitch serum on Hb F synthesis was first noted in cultures of adult BFUes (11) . We cultured homozygous 83+-thalassemic BFUes under standard conditions or in the presence of preswitch serum. The preswitch serum produced a striking decline in y chain synthesis (Fig. 3) . In addition, the Gy/Ay chain synthetic ratio changed in favor of Ay chains and there was a striking increase in 8/y ratio, expected if a shift in expression from the y to 6-p8 genomic region had occurred. Furthermore, the preswitch serum increased the a/non-a ratios, an expected finding because in these ,+3-thalassemia cells a switch from y to f3 chain synthesis will not produce a significant increment in synthesis labeled with the antibody (Fig. 4) . These data suggest that a genuine switch in non-a globin expression took place in the thalassemia cells cultured in preswitch fetal serum.
When standard media are used, the levels of Hb F synthesis in cultures of neonatal BFUes are within the range of values observed in the in vivo cells of neonates (8) . In cultures with preswitch serum, Hb switching was accelerated (Fig. 5 ). In contrast, the preswitch serum failed to induce y-to-B switching in the cultures of fetal BFUes.
DISCUSSION
These findings suggest that sera from sheep fetuses contain an activity that amplifies the growth of erythroid progenitor cells (as indicated by an increment in BFUe cloning efficiency and clone size) and decreases the relative synthesis of Hb F in erythroid clones. These findings suggest that humoral factors play a role in Hb switching. Previous attempts to identify factors that induce Hb F-to-Hb A switching have been unrewarding. No changes in globin chain synthesis have been noted when various types of conditioned media were used in culture (6), and contradictory information has been obtained on the effects of Hb F synthesis of the erythropoietic activity known as burst-promoting activity (12, 13) . It is noteworthy that our control cultures were grown in the presence of fetal calfserum. The failure of fetal calf serum to produce the effect observed with the preswitch sheep serum can be explained by several alternatives such as the gestational time at which the commercial fetal calf serum was obtained, the concentration of"switching activities" present in such serum, or species differences. Although the physiological significance of the activity we describe, its biochemical nature, the cellular level of its action, and the mechanism of its action remain to be determined, the observations summarized here are of direct relevance to that, in these cells, programs of globin expression that are specific for each stage ofontogeny are encoded (1-7, 14, 15). "Commitment" of progenitor cells to such programs appears to be determined early in hemopoietic cell differentiation (6) . The findings in culture are compatible with the hypothesis that Hb switching is controlled through changes in developmental programs that take place in multipotent or pluripotent stem cells (6) . In our experiments we observed that the preswitch serum had no effect in the cultures of fetal progenitors, induced switching in cultures of neonatal progenitors, and inhibited y chain synthesis in normal adult BFUe cultures. These observations are compatible with the possibility that switching is controlled through a change in a stem cell program which directs the appearance, in the committed progeny, ofa property (a cellular or nuclear receptor?) influencing the response of a cell to an inductive environment (Fig. 6 ). Fetal cells cannot switch because they cannot respond to switching factors present in their environment; neonatal cells switch in proportion to their qualitative ability to respond to the factors present in the environment. If the property of the progenitor cells that controls the interaction between the cells and their environment appears late in the differentiation of BFUe, the observed inverse relationship between degree of differentiation of adult progenitors and their potential to form Hb F-expressing cells (1) would be expected.
The detection ofa humoral activity that influences the switch from Hb F to Hb A formation has apparent consequences on experimentation on the biology ofHb switching. Thus far, studies of the cellular control of Hb switching were limited on assessing the commitments or "potentials" of progenitor cells. Availability of humoral activities that induce Hb switching and their eventual purification will allow direct studies ofthe mechanisms that control Hb switching at the cellular and molecular levels. Proc. Natt Acad. Sci. USA 79 (1982) 
